A pulsed ultrasonic Doppler venous outflow method was developed for the continuous measurement of global cerebral blood flow (CBF) in conscious sheep, The sheep were prepared under anesthesia with a "suture down" -style ultrasonic flow probe on the dorsal sagittal sinus placed via a trephine hole, Angiographic and dye studies showed that the dorsal sagittal sinus at the point of placement of the probe collected the majority of the blood from the cerebral hemispheres, Studies of the blood velocity profile across the sinus showed that the dimen sions of the dorsal sagittal sinus changed minimally with changes in CBF in vivo. The velocity measurements were calibrated under anesthesia against an in vivo direct ve-
A number of experimental animal preparations for the measurement of cerebral blood flow (CBF) have been reported (Wood, 1987) , but none of these fulfills the requirements for a method that measures global flow, is continuous, can be used in awake unrestrained animals, and is relatively simple and economical. We needed such a method for studies of the cerebral uptake of drugs using arteriovenous drug concentration differences. Although blood flows in other organs of the body have often been measured using electromagnetic or ultrasonic Doppler flow probes on the arteries supplying the organs, the usefulness of these methods for the measurement of CBF has generally been limited by the anatomy of the cerebral arterial vasculature. nous outflow method. Control CBF values for six sheep ranged from 31 to 53 mllmin for the area of brain de scribed above; for two sheep in which the weight of the brain was determined, this gave total CBF values of ap proximately 34 and 30 ml min -1 100 g -1. The CBF mea sured varied in the expected manner with changes in the end-tidal CO2 concentration in expired breath and showed transient reductions with the barbiturate thiopen tone and transient increases with the opiate alfentanil. It is concluded that the method is simple and accurate. Key Words: Cerebral blood flow-Pulsed ultrasonic Dopp ler-Sheep.
For example, major blood flow redistribution can occur between the four major cerebral arteries (Ab boud, 1981) , and probes must therefore be placed on all these vessels if CBF is to be accurately mea sured. In addition, changes in arterial vessel diam eter may mean that the blood velocity measured using Doppler methods does not consistently relate to blood flow. Alternatively, the direct measure ment of venous outflow was first used to quantitate cerebral blood flow in the late nineteenth century (Bell, 1987) . Venous placement of flow probes to measure effluent CBF has been used in dogs and pigs (Michenfelder and Milde, 1988; Stange et al., 1989) , although these methods have required the occlusion of extracerebral vessels draining into the cerebral veins and have not been possible in un anesthetized animals. However, the work of Hales (1972) has shown that it is possible to collect essen tially pure effluent blood from the brain of sheep by sampling from the caudal end of the dorsal sagittal sinus. Consequently, we have developed a tech nique that measures venous blood flow in the dorsal sagittal sinus of unanesthetized sheep using an ul-trasonic pulsed Doppler flowmeter. The aims of this paper are to report the method and its validation. First, it was necessary to confirm that dorsal sagit tal sinus effluent blood is derived entirely from the brain and is therefore not contaminated with blood from other parts of the head. Second, it was neces sary to show that the method of measuring flow using blood velocity in the dorsal sagittal sinus was accurate. Finally, it was valuable to show the re sponse of the measured CBF to standard physiolog ical perturbations of CBF.
METHODS

Equipment
The method utilizes the 545C-4 directional pulsed Doppler flowmeter [Bioengineering, University of Iowa, Iowa City, lA, U.S.A. (Haywood et ai., 1981) ] and "su ture down"-style, i-mm-diameter, 20-MHz piezoelectric transducers mounted on a cloth patch ( Figure F ; Tritonics Medical Instruments, Iowa City, lA, U.S.A.). The prin cipal advantage of these transducers is that they can be placed directly over a blood vessel so that there is no need to disrupt the vessel by dissecting it free from sur rounding tissue. The Doppler flowmeter and the probe send bursts of 20-Mhz ultrasound of microsecond dura tion at a pulse repetition frequency of 62.5 kHz into the blood at an angle of approximately 45° to the vessel wall. The resulting echoes from the vessel walls and blood cells are received by the same transducer and amplified by the Doppler flowmeter. The emitted ultrasound is pulsed so that the returning echoes are separated in, time according to the distances traveled. Functionally, "time-gating" of the returning ultrasound echoes can be used to determine the distance into the vessel over which the flowmeter is measuring velocity. This can be controlled by the "range" of the Doppler flowmeter, which in general use is adjusted until the velocity signal from the flowmeter is maximal, which corresponds to the maximum velocity of the blood in the center of the vessel. However, by re cording the changes in velocity with changes in the value of the range, it is possible to characterize the velocity profile of the blood at various depths from one side of the vessel to the other. This technique was used to determine the influence of CBF on vessel diameter reported subse quently.
The output from the flowmeter was recorded using an analog-to-digital card (Metrabyte DAS 16-G2) and a per sonal computer (Microbits 486-based IBM compatible). For most studies the mean velocity was recorded at a sampling rate of 1 Hz. Note that this rate was not suffi cient to characterize "beat-to-beat" changes in CBF, al though this could be done if higher sampling rates were used.
Surgical placement of the flow probe
Adult female Merino sheep aged between 1 and 2 years were used for the study. Anesthesia was induced using thiopentone (20 mg/kg i.v.), a cuffed endotracheal tUb . e W<;lS inserted into the trachea, and the lungs were venti lated with a mixture of 2% halothane in oxygen. Each animal was placed in the "sphinx" position and the head shaved and soaked in a povidone/iodine antiseptic solu tion. All surgical procedures were thereafter performed under full sterile conditions. A midline longitudinal inci sion approximately 8 cm in length was made in the scalp, and the periosteum reflected. The caudal junction of the frontal and parietal bones was located and a hole made on the longitudinal median suture using a i9-mm trephine. The bone plug was removed to expose the dorsal sagittal sinus and dura. A 2-mm drill hole was made 20 mm lat erally from the midline at the rostral edge of the trephine hole. The wire of a Doppler transducer was fed from the trephine hole, between the skull and the dura, and the wire pulled through the drill hole. The cloth backing of the probe was then trimmed to a size whereby the leading edge could be pushed between the dura and the skull, with the transducer situated directly over the sagittal si nus. The ideal location for the site of the transducer was determined by maximizing the output from the probe.
The bone plug from the trephine hole was replaced and secured using a titanium plate and stainless-steel screws. The Doppler transducer wire was secured in a single loop to the plate and externalized, and the periosteum and scalp were sutured closed. The animals were allowed to recover and, after a week to allow the probe and bone plug to become embedded in scar tissue, used for exper imental studies. Details of the cerebral vasculature of sheep have been described previously (Hegedus and Shackelford, 1965; Hales, 1972) and these reports conclude that the blood taken from the caudal dorsal sagittal sinus is effluent blood from the cerebral hemispheres, with insignificant contamination from extracerebral blood. Radiographical and histological procedures were used to confirm the or igins of this blood in the strain of sheep used in the present studies.
Digital subtraction angiography. Digital subtraction angiography was used to trace the passage of radiopaque dye from the carotid arteries to the venous vasculature of the head-this was facilitated by the fact that sheep have only one carotid artery per side. In two Merino sheep that had undergone no prior surgery, anesthesia was induced with intravenous thiopentone and maintained with 1.5% isoflurane in oxygen. The sheep were ventilated to nor mocarbia by hand and placed in a supine position. A 7-French gauge catheter was placed in each carotid artery using sterile technique and sutured in place. The sheep were transferred to a digital subtraction angiography suite and examined using an Diagnost ARC (Philips) machine. A bolus of radiopaque dye (Optiray 320; Mallinkrodt Medical) was injected into each catheter in turn and dig ital subtraction radiographs were taken at 0.5-s intervals to record the passage of the dye through cerebral arteries, cerebral parenchyma, and veins. Radiographs were taken in both the sagittal and the horizontal planes.
Retrograde dye studies. An alternative method of de fining the origins of dorsal sagittal sinus blood was exam ined in two sheep. The sheep were anticoagulated with 10,000 IU of heparin i. v. and then killed with a barbiturate overdose. The sagittal sinus was cannulated at the usual site of placement of the Doppler probe and ligated cau dally. India ink (20 ml) was then injected through the cannula. An incision was made in the scalp at the midline, a craniotomy performed, and the brain removed. The brain, scalp, and facial tissues were then dissected to de termine the pattern of India ink distribution.
The time course of CBF and its response to perturbations Control measurements. In six sheep, measurements of sagittal sinus blood velocity (as Doppler shift in kilohertz) were made for a 40-min period to define the natural time course of CBF. The sheep remained in their metabolic crates and were supported in a comfortable sling that pre vented them from lying down. Their heads were free to move, but a strap was placed across their crates such that they could not lower their head below the horizontal. These measures minimized posture-related systemic he modynamic changes. Access to food and water was de nied during the measurements.
Measurements of CBF were also made over a 3-min period at approximately the same time on 3 days in six awake sheep that were subsequently calibrated as de scribed below to give CBF as milliliters per minute. This was to define the normal range of CBF for sheep using this method and to define the intrasheep variability in CBF on different days.
CO2 reactivity. Six sheep were anesthetized and venti lated as described previously. The end-tidal carbon diox ide concentration in expired breath (PetC02) was mea sured using a capnograph (model OIR 7101; Nihon Koh den Corporation, Tokyo, Japan). While the PctC02 and the Doppler blood velocity in the sagittal sinus were mea sured continuously as described previously, the ventila tion rate of the sheep was increased to achieve hypocar bia (Petco2, -25-30 mm Hg) and then decreased to achieve hypercarbia (Petco2, -65-70 mm Hg). CBF reac tivity curves were determined from the relationship be tween P etC02 and sagittal sinus flow.
Response to anesthetics and analgesics. One sheep prepared with the Doppler probes was administered drugs known to alter CBF (Michenfelder, 1990) . The sheep was placed in a comfortable sling as described previously and, following a period of baseline measurement of CBF, was administered either thiopentone (500 mg) or alfentanil (2 mg) as an intravenous bolus. CBF was recorded for the following 40 min.
Validation and calibration of the flow measurement
Validation consisted of quantitating the effect of changes of CBF on the diameter of the sagittal sinus. Calibration consisted of determining the relationship be tween the Doppler velocity and the actual sagittal sinus blood flow determined using a direct venous outflow method in each animal.
Influence of CBP on vessel diameter. Anesthesia was administered as described previously for six sheep previ ously prepared with Doppler probes. The ventilation rate of the sheep was initially increased to achieve hypocarbia (Petco2, -25-30 mm Hg). When the Doppler velocity had reached its minimum, the "range" was altered to define the velocity profile in the vessel and its diameter as de scribed previously. The ventilation rate was then de creased to achieve hypercarbia (Petco2, -65-70 mm Hg).
Once the maximum Doppler velocity was reached, the measurements were repeated.
Relationship between Doppler velocity and sagittal si nus blood flow. Following the validation procedure, a di- Vol. 14, No.4, 1994 rect venous outflow method was used to measure tht: true sagittal sinus flow. An incision was made in the scalp of the anesthetized sheep rostral to the original site and the periosteum reflected. A trephine hole was then made 2 cm caudal to, or "downstream" of, the site of the trans ducer. The sheep were placed on their sides and stainless steel screws were used to fix a plastic spout around the hole. In this position, all the blood coming from the sinus could be collected via the spout into a measuring cylin der. The sheep were systemically heparinized with the administration of 10,000 IU of heparin i.v. The sagittal sinus was located, a noncutting tapered needle was used to place a ligature around the vessel, this was tightened, and the vessel was occluded. The sinus was completely cut laterally rostral (or "upstream") to the tie using a scalpel blade. This allowed blood to flow freely from the sinus with minimal back pressure. The ligature prevented any backflow of blood from the caudal parts of the sinus (or downstream from the probe). While the ventilation rate was changed as described previously to give a range of sagittal sinus flow rates, 30-s collections of the volume of blood leaving the sinus were made consecutively using a stopwatch and measuring cylinder. The flow rate was expressed as milliliters per minute and was later corre lated with the corresponding sagittal sinus Doppler veloc ity to produce a calibration curve by linear regression. The slope and intercept of this line of best fit were used to convert velocity readings to CBF as milliliters per minute using standard techniques. The sheep were then killed with a barbiturate overdose.
RESULTS
Defining the region drained by the dorsal sagittal sinus
Digital subtraction angiography. The angiograms were of a high resolution and clearly showed pas sage of the dye through the arteries, brain paren chyma, and dorsal and sagittal sinuses and veins. The majority of the cerebral hemisphere blood drained via the dorsal sagittal sinus at a point com parable with the placement of the Doppler probe. Only a small area of the brain, predominantly the inferior aspect of the cerebral hemispheres, the cer ebellum, and the brain stem, drained via the trans verse sinuses, hence bypassing the Doppler probe. The only extracerebral blood seen to drain via the sagittal sinus was a small contribution from a pair of vessels draining from the nose (v. lateralis nasi).
Retrograde dye studies. When the brain and fa cial tissues of the sheep were examined to deter mine the extent of dye perfusion, the dye was found to be contained almost entirely within cerebral tis sues. The only trace of extracerebral perfusion was, again, a small amount of dye found within the v. lateralis nasi. The regions of the brain stained with dye were again all but the inferior aspect of the cerebral hemispheres, the cerebellum, and the brain stem.
The time course of CBF and its response to perturbations Control measurements. The time courses of the CBF velocity measured in six sheep were generally constant over a 40-min period (an example is shown in Fig. 1 ). However, it was found that the measured velocity was dependent on the level of arousal of the animal, and for consistent measurements it was necessary to acclimate the sheep to the experimen tal conditions and to ensure that they were not pre sented with distractions (such as someone walking into the room) during a study. There was little ob vious relationship between CBF and head move ment.
The frequency response of the University of Iowa Doppler flowmeter is known to be sufficient to characterize the beat-by-beat blood velocity profile in arteries, thus it can be assumed that the trace shown in Fig. 1 represents the true time course of sagittal sinus blood velocity. Typically, there was a slow cycling of velocity with a period of 1-3 min, superimposed with rapid transient spikes of in creased velocity, which appeared to be related to the level of arousal of the animal.
For the six sheep in which calibrated measure ments were made on 3 days, it was not possible to make a measurement on the third day for two sheep. For the six sheep, the coefficient of variation of the control CBF for the 3-min recording periods was between 5 and 15%, with the exception of one measurement, for which the value was 44%. The control CBF varied between sheep, with the highest value being a mean of 53 mllmin for the three mea surements in one sheep and the lowest value being a mean of 31 mllmin in another (Fig. 2) . There was less change within a sheep on different days (Fig. 2) . For two of these sheep, the total weights of their brains including ventricular fluid were determined to be 79 and 90 g at autopsy. Assuming that the mass of brain drained by the caudal dorsal sagittal sinus under the Doppler probe was 75% of these values (Hales, 1973c) , this gave estimates for CBF of 34 and 30 mllmin -I 100 g-I of tissue for these sheep. For greater accuracy, the brain could be stained with a retrograde injection of India ink and dissected as described previously to determine the actual mass of the region drained by the sinus be neath the probe, although this information is not necessary for the drug studies for which the method was developed.
CO2 reactivity. The combined results for six ani mals are shown in Fig. 3 . As expected, these data showed a sigmoid relationship between P etC02 and CBF. The data were curve-fitted to a sigmoid equa tion using the least-squares package MINSQ II (Mi- cromath Scientific Software, Salt Lake City, UT, U.S.A.), and the line of best fit (R 2 = 0.99) showed that the maximum and minimum CBF occurred at a p etC0 2 of �65 and 30 mm Hg, respectively, with a pseudo-linear relationship over the range 40-60 mm Hg. In this range, a change of 1 mm Hg in PetC0 2 produced a 4.5% change in CBF. This is compara ble to the value of 4% reported for man (Michen felder, 1980) .
Response to anesthetics and analgesics. The CBF showed characteristic time courses following the administration of both drugs (Fig. 4) . Thiopen tone produced a rapid reduction in CBF to �50% of baseline; CBF slowly returned to baseline over the following 20 min. In contrast, alfentanil produced a rapid increase in CBF to up to � 150% of control; again, CBF returned to baseline over the following 20 min.
Validation and calibration of the flow measurement
Influence of CBF on vessel diameter. An example of the velocity profile across the sinus at high and low flows is shown in (Fig. 5) . It is apparent from Fig. 5 that it is difficult to determine accurately the exact location of the far edge of the sinus and that the location of the center of the vessel is difficult to determine with an accuracy of <15%. To determine if the dimensions of the vessel changed with flow against this inherent variability in measurement, an extra two sheep were studied, and the distance from the probe to the center of the vessel (the radius) was determined from the velocity profiles at high and low flows. For a total of eight sheep, the average increase in velocity from low to high flows was 135%. Concurrently, the radius decreased on aver- age by 5. 5 ± 12% (mean ± SD) at high flows. More importantly, a paired t test showed no statistical difference between the radius at low and high flows (p = 0.24), showing that there was no change in vessel dimensions (and hence the relationship be tween velocity and flow) with changes in flow.
Relationship between Doppler velocity and sag ittal sinus flow. Linear regression analysis of cali bration data from the six animals showed a linear relationship between the measured Doppler blood velocity (kHz Doppler shift) and the actual flow (mIl min) determined using the direct venous outflow method. For all animals, the R 2 value ranged be tween 0. 91 and 0.99, and a typical calibration curve is shown in Fig. 6 . Although every animal showed an excellent linear relationship between velocity and flow, the slope and intercept of the line of best fit varied to some extent between animals. The slopes ranged from 0. 010 to 0.027 and the intercept from 0. 028 to 0.53. This implies that every animal must be individually calibrated if actual flow values, rather than change from baseline values, are re quired.
DISCUSSION
This method for the measurement of CBF was developed principally to measure global CBF for use in studies of drug uptake into the brain. These studies use an adaptation of the use of mass balance principles described by Upton et al. (1988) , in which a small-gauge blood sampling catheter is placed with its tip in the sagittal sinus "downstream" of the probe, as described by Lindsay and Setchell (1972) . The product of the CBF and the arteriove nous drug concentration differences across the brain is used to quantitate the drug uptake into the area of the brain defined by the origins of the ve nous blood sampled by the catheter in the sinus. It is apparent that by placing the Doppler flow probe as close as possible to the site of sinus blood sam pling, it is possible to quantitate blood flow in the region defined by the catheter in a continuous man ner in conscious animals in a way that is not possi ble with other methods for measuring CBF. However, there are precedents in this area that are of relevance to the present paper. The range gated Doppler method was first described by Hart ley and Cole (1974) and applied to blood flow mea surement in a number of organs. This method has been applied to the cerebral arterial circulation (Sones son and Herin, 1988) but suffered from prob lems with changes in the diameter of the vessels. In contrast, a direct venous outflow method for CBF in anesthetized dogs, with ligation of extracerebral veins, has been reported (Michenfelder et ai., 1968) . This has been modified with the addition of an elec tromagnetic flowmeter (Michenfelder and Milde, 1988) and has been adapted for use in pigs (Stange et ai., 1989) . However, all report acute studies in anesthetized animals.
A number of workers have used sagittal sinus blood as representative brain effluent in sheep (Lindsay and Setchell, 1972; Pappenheimer and Setchell, 1973; Szeto et ai., 1980; Rosenberg, 1988) , but this has not been examined independently since the work of Hales (1972) . Recently, a magnetic res onance bolus tracking method for measuring the sagittal sinus velocity as an index of CBF in humans has been reported (MattIe et ai. , 1990) .
In assessing the method reported in this paper, a distinction must be made between methods that measure regional CBF and those that measure glob al CBF. It has long been recognized that the perfu sion of the brain is heterogeneous due to differences in the local metabolic requirements that determine regional CBF (Miller and Bell, 1987) . A number of experimental methods (e.g., hydrogen clearance and laser Doppler) have been developed that mea sure regional CBF at one or more sites in the brain. While these are valuable when studying specific parts of the brain, it has also been recognized that because of the heterogeneity, regional blood flow is not a good index of global CBF. Global measure ments are of interest for studying processes that have global effects on CBF or cerebral metabolic rate in the brain, such as the effect of some anes thetics.
Of the global methods, a distinction must also be made between discontinuous and continuous meth ods. Discontinuous methods, such as some indica tor methods, record the average flow for the period of indicator "wash in" or "washout" and are un able to record rapid changes in CBF. Similarly, the use of radioactive microspheres, while giving an ac curate description of flow in selected regions, is lim ited by the number of isotopes available and re quires stable flow for the period of microsphere in jection. Consequently, these methods are better suited to measuring CBF at "steady state." It is apparent that some perturbations, such as adminis tration of the drugs described in Fig. 4 , produce large, transient changes in CBF that could be de scribed only using a continuous CBF method such as that reported here. While the recently developed transcranial Doppler methods are continuous, they are not readily applicable to experimental animals and have some problems with arterial vessel diam eter changes influencing the relationship between velocity and blood flow (Kontos, 1989; Taylor et ai., 1990; Hartmann et ai. , 1991) .
Finally, there are several other issues regarding the choice of a method for measuring CBF. First, the need for expensive tracers or equipment can often render a method impractical for a given appli cation. The former is a problem for microsphere methods, and the latter for labeled tracer clearance methods using external gamma counters, transcuta neous Doppler methods, and the various positron emission tomography and nuclear magnetic reso nance imaging techniques (Michenfelder, 1990) . Second, the known effects of anesthesia on CBF and its response to various perturbations (Michen felder, 1990) limit the usefulness of any method re quiring anesthetized animals.
Considering the above issues, it becomes appar ent that there are few CBF methods that are directly comparable to this new method for the purpose of validation. Only microsphere-based methods and a direct venous outflow method were considered ap propriate. The latter method was considered a clas sical and widely published method (Hartley and Cole, 1974; Bell, 1987) that, once developed, would also serve as a method for calibration of the blood velocity in each animal. For this to be of use, it was necessary to define the origins of sagittal sinus blood and to ensure the consistency of the relation ship between velocity and flow in the sagittal sinus.
Both the literature and studies using two indepen dent methods reported here show that the dorsal sagittal sinus of sheep collects essentially pure ef fluent blood from the brain and that the majority of this blood is from the cerebral hemispheres and an terior aspects of the brain. The microsphere injec tion and dissection studies by Hales (1973c) showed that flow in these regions would account for �75-85% the total brain blood flow, although the exact value of this figure is not of direct interest to the cerebral drug uptake studies described above for which the method was developed. However, it is important for this CBF method that this percentage does not change significantly. While we did not in vestigate this directly, Hales (1973c) studied re gional blood flow distribution in the brain of nine sheep and found the flow to each region as a per centage of the total brain blood flow to be remark ably constant. For example, the cerebral hemi sphere flow accounted for 73. 5 ± 0.5% (mean ± SEM) of the total flow. Furthermore, gross changes in the pattern of venous drainage of the brain would be expected only if there were significant pathology causing stenosis or occlusion in any of the major venous vessels of the brain, and there was no evi dence to suggest that this was the case with this method.
Our studies showed that there was some contri bution to blood in the sinus from the v. lateralis nasi. Based on the relative size of the vessels, this was estimated to contribute an insignificant per centage of the sagittal sinus flow. This is supported by the observations of Michenfelder et al. (1968) , who found that these veins made a negligible con tribution to sagittal sinus flow in the dog. The con tribution of the emissary veins to the sagittal sinus J Cereb Blood Flow Metab. Vol. 14, No.4, 1994 reported in other species (Michenfelder et aI., 1968) was not apparent from our studies of the origins of sagittal sinus blood in the sheep.
The relationship between blood velocity and blood flow in the dorsal sagittal sinus would be non linear if the vessel cross-sectional area changed or if the flow changed from laminar to turbulent. Fortu nately, the range-gate facility of the Doppler flow meter enabled the blood velocity profile and vessel diameter to be determined in each sheep at both high and low blood flows. In each case the flow was laminar, as shown by the characteristic parabolic velocity distribution. The diameter of the vessel did not change significantly compared to the observed changes in total blood flow with various perturba tions. This is consistent with the anatomical struc ture of the sinus, which was reported to be fibrous in nature and not subject to significant alterations in size (Capra and Kapp, 1987) . These indirect steps in the validation process were confirmed by the excel lent linear relationship between the Doppler veloc ity in the sagittal sinus and the directly measured sagittal sinus outflow shown in Fig. 6 .
It is apparent that the time course of CBF in a resting, unaroused animal is relatively constant. However, it was observed that sudden arousal or agitation of the sheep produced rapid and transient increases in CBF. These transient increases were unexpected, however, they may be apparent in this preparation because the method is continuous and the animals were unanesthetized. There is evidence in the literature of extensive nerve supplies to the cerebral blood vessels (Edvinsson et aI., 1987) , and it may be that these transient changes in CBF are neurogenic in origin (Wei et aI., 1993) . Note that although we did not measure venous blood pressure in our preparation, it is unlikely that these transient increases are due to sudden decreases in venous blood pressure. It is generally accepted that the per fusion pressure of the brain is virtually equal to the difference between the mean arterial pressure and the intracranial pressure (Fitch et aI., 1975, Miller and Bell, 1987) . To maintain venous flow, venous pressure must slightly exceed intracranial pressure. With increased intracranial pressure, increased ve nous pressure occurs due to constrictions at the point where the cerebral veins enter the dural si nuses. This suggests that there would not be a re lationship between systemic venous pressure and sagittal sinus flow.
To validate the method further, it is of interest to compare the measured values and time course of CBF with literature values. With the Doppler method, the global CBF in sheep was 30-34 ml min -1 100 g -1. This is approximately half the val-ues of 63 ± 4.5 and 70 ± 4 . 9 ml min -I 100 g-I (mean ± SD) measured using a microsphere method for the whole sheep brain on separate occasions (Hales, 1973a,b) . It is not possible to determine the reasons for this difference, but we have noted in our preparation that any arousal or· stress can greatly increase CBF. We postulate that the sheep used for Hales' studies were not as acclimated to handling or experimentation as our chronically prepared sheep and that this may have elevated the control values of CBF recorded using the microsphere technique.
The response of the CBF to various perturbations measured using the new method was consistent with literature values. The response of CBF to changes in P etC02 produced a classical sigmoid shaped curve (Fig. 3) with inflection points that closely matched literature values. Thiopentone pro duced a transient decrease in CBF, in line with the decreased oxygen demand of the anesthetized brain (Michenfelder, 1990) . The increase in CBF pro duced by alfentanil is consistent with the effects of opioids on CBF in unanesthetized subjects (Michenfelder, 1990) . These data show the impor tance of using a continuous method for measuring CBF and reinforce the need to use unanesthetized subjects when studying CBF.
In conclusion, although originally developed for studies of the uptake of drugs into the brain of sheep, the relative simplicity and economy of this method may facilitate applications in other areas that require continuous measurements of CBF in awake or anesthetized animals. Furthermore, in conjunction with a sagittal sinus blood sampling catheter, measurements of the flux of substances such as oxygen (to give cerebral oxygen consump tion), hormones, and intermediary metabolites are possible.
